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We present anab initio nonpertubative investigation of the mechanisms responsible for the production of
very-high-order harmonic generationsHHGd from Ar atoms and Ar+ ions by means of the self-interaction-free
time-dependent density-functional theory recently developed. Further, by introducing an effective charge con-
cept, we can study at which laser intensity the contribution to the high-energy HHG from Ar+ ions precede
over the Ar atoms. Comparing the HHG behavior from Ar atoms and Ar+ ions in the superintense laser field,
we conclude that the high-energy HHG observed in the recent experiment originated from the ionized Ar
atoms.
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Multiple high-order harmonic generationsHHGd is one of
the most rapidly developing topics in the field of laser-atom
smoleculed interactions. When an intense laser field pulse is
focused normally into an array of gas composed of either
atoms or molecules, a highly nonlinear optical process can
take place, producing a unique source of coherent light in the
extreme ultravioletsxuvd and soft x-ray regions of the spec-
tra f1–3g. This coherent light is known as high-order harmon-
ics. The physical origin of the HHG from linearly polarized
sLPd laser field can be qualitatively understood by means of
the rescattering modelf4g: s1d the electron tunnels out the
potential barrier when the laser field reaches the peak;s2d the
tunneled electron is bounced back to the parent ionic core at
a later time when the laser field changes to the opposite
direction; s3d the returning electron emits a photon by the
radiative recombination process. Based on this simple model,
the highest photon energyscutoffd is Ip+3.2Up, whereIp is
the ionization potential of the working material,Up
= I / s4v2d is the ponderomotive or quiver energy of electron
in an oscillating electric field,I is the laser peak intensity,
andv is the laser frequency. Due to the ionization depletion,
the HHG cutoff position in a superintense laser field is de-
pendent upon the saturation intensity when the saturation
intensity is lower than the laser peak intensity. The ionization
depletion will limit the highest HHG one can obtain. The
shortest wavelength generated by the HHG processes dem-
onstrated today is taken place from He atoms and close to
500 eVf5,6g, achieved by using ultrafast pulsess26 fs pulse
durationd from a Ti:sapphire laser centered at 800 nm. He
atom has the highest saturation intensity among all the neu-
tral rare-gas atoms. However, the HHG yield from He atoms
is several orders of magnitude lower than from other rare-gas
atomsf7g.
Comparing with the neutral Ar atom, the saturation inten-
sity for each successive stage of ionization is progressively
higher. This can in principle lead to considerable extension
of the HHG cutoff energy. However, the emission intensity
from the ions was found to be several orders of magnitude
weaker than that from the neutral atomsf8g. Thus it was
difficult to realize the generation of very-high-order harmon-
ics from the ions in the past. However, a recent experiment
f9g has achieved the realization of this process by using a
waveguide geometry to limit plasma-induced laser beam de-
focusing and demonstrated the generation of very high-order
harmonics from the Ar gas, up to 250 eV. The authors attrib-
uted the higher-energy photon to be the emission from the
ionizedAr atoms. The experimental results are in qualitative
agreement with the prediction from the Ammosov-Delone-
Krainov sADK d modelf10g. However, the ADK model does
not take into account the effect of detailed electron structure
and ac Stark shift, etc., on the strong-field electron dynamics.
Thus a more accurate theoretical formalism is required and
desirable for quantitative exploration of this highly interest-
ing multiphoton phenomenon.
To investigate the detailed mechanisms responsible for the
production of the high-energy HHG, we perform anb initio
and systematic study of the HHG from Ar and Ar+ in intense
laser fields by means of the self-interaction-corrections r
self-interaction-freed time-dependent density-functional
theorysSIC-TDDFTd recently developedf7,11g. By compar-
ing the HHG from Ar and Ar+ as well as the survival prob-
abilities of Ar and Ar+ in the superintense laser field, we
establish that the high-energy photon comes from the Ar+
ions. Our predicted HHG cutoff positions are in good agree-
ment with the recent experimental dataf9g. Furthermore, we
demonstrate that in a single calculation, the SIC-TDDFT ap-
proach can be used to describe the creation of Ar+ ions from
Ag atoms and the HHG from Ar+ ions dynamically.
The central equations of the SIC-TDDFT approach, for
the nonperturbative treatment of multiphoton processes of
many-electron atomic systems in an intense laser field, can
be expressed assin atomic unitsd
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cissr ,td = Ĥsr ,tdcissr ,td = F− 12¹2 + VSIC,sOEP sr ,tdGcissr ,td,
s1d
whereVSIC,s
OEP sr ,td is the time-dependentsTDd optimized ef-
fective potentialsOEPd with SIC f7,11g. The TD-OEP–SIC
equations can be solved for the individual time-dependent
spin-orbital wave function in a self-consistent manner. More-
over, the single-particle time-dependent OEP-SIC is local
sfor every time stepd and has the correct long-ranges−1/rd
Coulombic potential behavior. The time evolution of the
spin-orbital wave functions can be calculated by means of
the time-dependent generalized pseudospectralsTDGPSd
methodf12g. The TDGPS method consists of the following
two essential steps:sad the spatial coordinates are optimally
discretized in anonuniformspatial grid by means of the gen-
eralized pseudospectral techniquef13g with the use of only a
modest number of grid points. This mesh is characterized by
denser grids near the origin and sparser grids for large dis-
tances.sbd A second-order split-operator technique in theen-
ergy representation which allows the explicit elimination of
undesirable fast-oscillating high-energy components is used
for the time propagation of the wave function. The TDGPS
technique has been shown to be both computationally con-
siderably more efficient and accurate than the conventional
time-dependent techniques using equal-spacing grid discreti-
zation. Detailed procedure for the construction ofVSIC,s
OEP sr ,td
and the solution of the above TD-OEP–SIC equations can be
found in our recent worksf7,11g.
Once the individual time-dependent spin-orbital wave
functionshcissr ,tdj are obtained, we can determine the time-
dependent induced dipole moment as
dstd =E zrsr ,tddr = o
is
disstd,
where
disstd = niskcissr ,tduzucissr ,tdl
is the induced dipole moment of theith spin orbital andnis is
its electron occupation number. The power spectrum of the
HHG is then acquired by taking the Fourier transform of the
total time-dependent induced dipole momentdstd:
Psvd = U 1tf − tiEti
tf
dstde−ivtdtU2. s2d
To facilitate the detailed analysis of the relative contribu-
tion of Ar and Ar+ to HHG, we introduce a time-dependent
effective chargesTDECd as
Zef fstd = Z − o
is
nisE ucissr ,tdu2dr , s3d
which characterizes the dynamic ionization processes. The
partial time-dependent ionization probabilities of Ar atom
and Ar+ ion are computed from its individual valence elec-
tron orbital s3s, 3p±1, and 3p0d. It is imperative to mention
that all the valence electrons are treated explicitly and each
contributes to the total effective potential and multiphoton
processes.
Based on the SIC-TDDFT method, we shall investigate
the HHG process from the Ar atomssand the Ar+ ionsd in
linearly polarized intense laser fields. An 18-fs laser pulse
duration with sin2 pulse shape was used throughout the cal-
culations. In the time propagation, the radial grid extends up
to a minimum of 100 a.u. which is almost twice the maxi-
mum quiver radiusR=2ÎI /v2. To avoid unphysical reflec-
tions and oscillations of the wave function due to the finite
radius size in the simulation, an absorberf12g is specifically
placed at 60 a.u. Furthermore, up to 1000 radial grid points
sfor each partial waved and 70 partial waves were used to
ensure full convergence of the time-dependent wave func-
tions and HHG power spectra.
In a weak laser field, the HHG’s from Ar atoms and Ar+
ions are significantly different as presented in Fig. 1. The
cutoff position of HHG from Ar+ ions is higher than that
from Ar atoms, but the HHG yield from Ar+ is significantly
lower sby several orders of magnituded than that of Ar. This
indicates that the smaller the ionization potentialse.g.,Ip for
Ar+ is 27.6 eV and for Ar is 15.8 eVd, the larger the HHG
yield, but the shorter the harmonic cutoff frequency. On the
other hand, the effective charges are close to 0 for Ar and 1
for Ar+, which means that the ionization is negligible in a
relatively weak field and the HHG’s from Ar and Ar+ can be
well differentiated. In stronger laser peak intensities but be-
low the saturation intensity of Ar, the latter occurs at about
7.731014 W/cm2 and substantial ionization of the atom is
observed. As we move to the superstrong laser field intensity
regimessuch as 1.3 1015 W/cm2d, the high-energy HHG’s
s.180 eVd from Ar and Ar+ are close to each other as shown
in Fig. 2sad. To show more clearly the HHG from the Ar+
ions and Ar atoms near the cut off regime, we plot them in
Fig. 2sbd. In the lower-energy parts,180 eVd, the HHG
from Ar atoms are higher than that from Ar+ ions. The results
shown in Fig. 2sad can be understood as follow. The Ar at-
oms are first ionized to Ar+. During the ionization process,
they can also emit the lower-energy HHG. The ionized Ar
atoms can survive in a superintense laser field and emit the
igher-energy HHG as well as the lower-energy HHG, but
FIG. 1. sColor onlined The HHG spectra of Ar atomssthin lined
and Ar+ ions sthick lined in a laser field with sin2 pulse shape, peak
intensity I =5.031013 W/cm2, and wavelengthl=800 nm.
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the HHG yield is lower than that from neutral Ar atoms. In
the high-energy regime, the calculated HHG from Ar and
Ar+ are closer to each other, but not identical. This is due to
the fact that HHG’s directly from Ar+ ions and HHG from
ionized Ar are different. The HHG from Ar+ starts from the
Ar+ ground state; one electron from the neutral atom is al-
ready gone to start with. The HHG from the ionized Ar starts
from the Ar ground state, and the ionized electron is still
around the parent ionic core. The calculated cutoff position
around 280 eVsboth from Ar and Ar+ curvesd as shown in
Fig. 2sbd is in reasonable agreement with the experimental
datas250 eVd f9g. The experimental cutoff is probably low-
ered by the propagation effects which we ignored in the
present simulation. This clearly shows that the extended
HHG is due to the contribution from the ionized Ar atoms.
The HHG spectra from the higher intensitysFig. 2d are al-
most continuous instead of individual HHG peaks observed
in the lower laser intensitysFig. 1d.
In addition, the Ar atom’s power spectrum features impor-
tant and salient characteristics. First, a second plateau be-
comes clearly discerned about 180 eV. The harmonic yield
for the second plateau is at least two orders of magnitudesin
logarithmic scaled smaller than the first plateau. The nature
of the second plateau can be well correlated to the notion that
the contribution to the high-frequency harmonics is evidently
not due to Ar but rather to Ar+. As a result, the harmonics
produced by both systems, again at the high-frequency re-
gime, mimic each other rather well. Therefore, the extension
of the cutoff in laser intensities above the saturation intensity
is explicitly due to the argon ions as it was well observed in
the experiment. Hence, the importance of the TDDFT calcu-
lations is paramount in this calculation since a single-active-
electron model would fail for the present case due to the
strong if not almost complete ionization of Ar.
Figure 3 shows the time-dependent effective charge of Ar
and Ar+ in the supperintense laser fields. The laser peak field
used is 1.3 1015 W/cm2 with center wavelengthl
=800 nm. Clearly we discern that the effective charge for
Ar+ increases slowly from 1 to about 1.7 when the field is
over. The effective charge of Ar atoms increases dramatically
from three optical cycles before the peak laser intensity and
approaches the Ar+ effective charge around one optical cycle
before the peak laser intensity is reached. This means that the
Ar is ionized to Ar+ within two optical cycles. Then, the
effective charge of Ar follows the effective charge of Ar+ in
the later time. The effective charge of both the Ar atom and
Ar+ ion at the end of the pulse is very similar, indicating that
the final states of both systems are similar. Therefore, we can
conclude that the HHG in the high-energy regime is from the
ionized Ar atoms, which is consistent with our conclusion
from comparison of the HHG from Ar and Ar+. We also have
studied the HHG from Ar and Ar+ at peak laser intensity 9
31014 W/cm2. The predicted cutoff positions130 eVd is
also in good agreement with the recent experiment at the
same peak intensityf9g. Note that the difference of HHG in
FIG. 4. sColor onlined The difference of the effective charge for
Ar and Ar+ as a function of peak laser intensity when the field is
over. The dotted vertical line marks the saturation intensity of Ar
s=7.731014 W/cm2d.
FIG. 2. sColor onlined sad The HHG spectra of Ar atoms and Ar+
ions in a laser field with sin2 pulse shape, peak intensityI =1.3
31015 W/cm2, and wavelengthl=800 nm.sbd The HHG power
spectra of Ar+ and Ar near the cutoff regime. For better visualiza-
tion, we upshift the Ar HHG spectra by five orders.
FIG. 3. sColor onlined The time-dependent effective charge for
Ar and Ar+ in the laser field with sin2 pulse shape, peak intensity
I =1.331015 W/cm2, and wavelengthl=800 nm.
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the high-energy regime from Ar atoms and Ar+ ions is larger
than that at higher laser intensities. The difference of the
effective charge for Ar atoms and Ar+ ions when the field is
over is also larger than that at a higher intensity. This implies
that the contribution from the ionized Ar atom decreases as
the laser intensity decreases.
To further explore the contribution from the ionized Ar,
we plot in Fig. 4 the difference of the effective charge of Ar+
ions and Ar atoms at the end of the laser pulse as a function
of the laser intensity. The difference of the effective charges
decreases as the laser intensity increases. Before it reaches
the saturation intensity, the HHG mainly comes from the
neutral atoms. When the laser intensity is stronger than the
saturation intensity, the HHG is mainly contributed from the
ionized Ar. Figures 1 and 2 show the behavior of these two
limits sweak- and superintense-field casesd.
Based on the SIC-TDDFT formalism, we have studied the
mechanism of HHG from ionized Ar atoms. The HHG in the
high-energy regime mainly comes from the ionized Ar atoms
when the laser intensity is higher than the saturation inten-
sity. On the other hand, the HHG is contributed mainly from
the neutral atoms when the laser intensity is lower than the
saturation intensity. All these findings and the predicted cut-
off positions are in good agreement with the recent experi-
mentf9g. Furthermore, our study shows that the SIC-TDDFT
can provide a powerful nonpertubative approach for the de-
scription of the creation of the Ar+ ions from Ar atoms and
the generation of very high-order harmonics from Ar+ ions
within a single calculation. Of course, the present simulation
presented the state-of-the-art calculation of the single-atom
response. To compare with the experiment in detail, we have
to consider the propagation effects and the volume effects.
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